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Chlamydiae are obligately intracellular pathogens that cause significant disease in both humans and animals. Chlamydia trachomatis causes one of the most commonly reported sexually transmitted infections, with untreated cases leading to pelvic inflammatory disease, salpingitis, and ectopic pregnancy (14) . Other serovars of C. trachomatis cause trachoma, the leading cause of preventable blindness worldwide (30) . Chlamydia psittaci is a pathogen primarily of veterinary concern but also provides a representative animal model for studying chlamydial infections within humans (22) . Within the host, chlamydiae exist inside a nonacidified vacuole (the inclusion) where the bacteria sustain a unique intracellular developmental cycle. Shortly after entry, the infectious elementary bodies (EB) differentiate to reticulate bodies (RB) and undergo several rounds of multiplication before redifferentiating back to EB. While these events have been documented carefully at the ultrastructural level, the molecular events associated with chlamydial division are not well understood. The recent availability of three chlamydial genome sequences provides information about some aspects of the division process (R. S. Stephens [http://chlamydia-www.berkeley.edu:4231/]).
Cell division in virtually all prokaryotic systems is facilitated by a series of Fts (filamentation temperature sensitive) proteins that participate in septum formation. Of these proteins, FtsZ plays a major role in septation (10) . FtsZ, as well as other Fts proteins, localizes to a ring-like structure at the plane of division (5, 18, 24) . In Escherichia coli, inactivation of FtsZ results in filamentous cells that lack any evidence of a septal ring. Genes encoding FtsZ homologs have been identified in all prokaryotic organisms thus far examined, including mycoplasmas (2, 10, 32) . Curiously, chlamydiae do not encode a protein sharing significant identity with FtsZ (27) , which suggests a unique mechanism for the chlamydial division process.
A major paradox of chlamydial biology is the apparent absence of peptidoglycan (PG) within the bacterial cell envelope. The chlamydial genome contains all genes necessary to encode proteins to carry out PG synthesis, assembly, and degradation (8, 27) . However, mass spectrometry and labeling with anti-PG antisera have failed to provide significant evidence of PG or of its structural precursors (11, 15) . PG has multiple structural roles within most walled bacteria. In addition to its involvement in osmotic stability and rigidity, PG also plays a major role in bacterial division by forming an invagination between separating daughter cells during cytokinesis (20, 24) . The absence of detectable PG in chlamydiae is surprising in light of the remarkable stability of the EB cell wall. EB are quite resistant to physical disruption-moderate sonication steps are included in EB purification protocols (7) . As a substitute for PG, EB cell wall integrity is maintained by a series of outer membrane proteins linked through disulfide bonds (13) . In contrast, the fragile RB lacks the proteins involved in cell wall stability.
Although chlamydiae do not accumulate detectable amounts of PG, there is metabolic evidence that PG synthesis occurs in the cell. The production of infectious EB is highly sensitive to inhibitors of PG synthesis, including ␤-lactam antibiotics and D-cycloserine (21, 28, 34) . Treatment of infected cells with these agents inhibits cell division and leads to the formation of large, aberrant RB that cannot differentiate to EB. These studies indicate that chlamydial PG synthesis may be required for chlamydial cell division and proper differentiation.
Aberrant, persistent chlamydial growth can also be mediated through amino acid starvation (9) . A well-characterized example of this occurs in cells in which intracellular tryptophan (Trp) pools are reduced in response to gamma interferon (IFN-␥) (3, 4) . Host cell contact with IFN-␥ activates indoleamine 2,3-dioxygenase, which degrades intracellular Trp, starving intracellular pathogens of their Trp supply (29) . Un-der these conditions, chlamydiae also develop into large, nondividing, aberrant RB.
In this study, we characterize an antigen localized to a ringlike structure at or near the plane of chlamydial division, which we have termed the SEP (septum) antigen. Fluorescent-antibody labeling of SEP reveals a unique localization pattern, different from any other seen in chlamydiae and resembling the distribution of FtsZ to the septum in other bacterial species (5) . The distribution of SEP is developmentally regulated; it localizes to the septum only in actively dividing RB, not in EB or aberrant forms. These findings indicate that SEP may be associated with the chlamydial division process.
MATERIALS AND METHODS
Cell culture and bacterial infection. HeLa cells were maintained in minimal essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) (MEM-10; Gibco, Grand Island, N.Y.) at 37°C under 5% CO 2 . Monolayers were cultured on sterile glass coverslips to approximately 30 to 50% confluency. Cells were washed with Hanks balanced salt solution (HBSS; Gibco) and infected with the guinea pig inclusion conjunctivitis (GPIC) strain of C. psittaci or with C. trachomatis serovar L2 strain 434/Bu. All chlamydiae were purified by density gradient centrifugation as described previously (7) and were diluted in HBSS prior to inoculation of cells. Inocula were incubated on cells for 1 h at room temperature (RT) and were then replaced with the appropriate culture medium. E. coli BM2711 containing pGB2inv (12) was grown in Luria-Bertani (LB) medium at 34°C and diluted in MEM-10 lacking gentamicin prior to inoculation of cells. Inocula remained on cells for 3 h at RT and were then replaced with MEM-10 containing gentamicin for 4 h prior to methanol fixation.
Production of anti-SEP antisera. Hartley strain guinea pigs (500 g) were immunized with Ribi trivalent adjuvant (Ribi Chemical Co., Hamilton, Mont.) three times over the course of 3 months. The adjuvant consists of a mixture of monophosphoryl lipid A (MPL), corynebacterial trehalose dimycolate (TDM), and mycobacterial cell wall skeleton (MCWS). The antigen used for injection consisted solely of the adjuvant mixed with phosphate-buffered saline (PBS). Anesthetized animals were injected intramuscularly, subcutaneously, and intraperitoneally with a total of 0.5 ml of adjuvant-PBS. Twenty-one days after the final immunization, sera were collected and tested for antichlamydial antibody activity by fluorescence microscopy. Control sera were collected from uninjected Hartley strain guinea pigs.
Immunofluorescence labeling. Infected cells, cultured for times indicated for each experiment, were fixed in 100% methanol for 5 min, rinsed with HBSS, and incubated in fluorescent-antibody (FA) block (2% bovine serum albumin [BSA] in PBS) for 20 min. Monolayers were then incubated for 1 h with the appropriate primary antibody diluted in FA block and subsequently rinsed three times with PBS. The appropriate secondary antibody was added, and after a second 1-h incubation, the cells were again washed three times with PBS. Coverslips were rinsed with distilled H 2 O and inverted onto a drop of nonphotobleaching agent (Vector Laboratories, Burlingame, Calif.) on a microscope slide. Stained slides were observed under a Zeiss fluorescent microscope. Photographs were taken under a 100ϫ oil immersion objective with a Zeiss camera using Kodak CN400 film.
Production and reversion of aberrant RB. Aberrant RB were produced in both C. psittaci-and C. trachomatis-infected cells by two methods. First, infected cells were cultured in MEM-10 containing 1 g of cycloheximide/ml plus ampicillin for the times indicated in the figure legends. Cells were then fixed with methanol and prepared for microscopy. Initial experiments used ampicillin concentrations of 100 g/ml, which resulted in aberrant forms incapable of reverting to functional, replicative RB within the time limits of the experiment. Optimal ampicillin concentrations for production of aberrant RB capable of fully reverting to typical developmental forms were determined by culturing C. psittaci-and C. trachomatis-infected HeLa cells in MEM-10 containing a range of ampicillin concentrations (0.0125 to 10 g/ml). Infected cells were cultured until aberrant RB were clearly visible by light microscopy (approximately 24 h postinfection [hpi]). The medium was then removed, and the cells were washed twice before MEM-10 without ampicillin was added. Optimal ampicillin concentrations that led to the development of aberrant RB followed by complete reversion after the removal of ampicillin were 0.2 and 10 g/ml for C. trachomatis and C. psittaci, respectively.
Aberrant forms were also produced via Trp starvation. Trp-deficient MEM was produced with a Selectamine kit (Gibco) and supplemented with FBS. The appropriate concentration of FBS was determined by culturing C. psittaci-infected HeLa cells in Trp-deficient MEM containing a range of FBS concentrations for 48 h. Aberrancy was evaluated by fluorescence microscopy. Optimal aberrant growth occurred in Trp-deficient MEM containing 1% FBS (Trp Ϫ MEM-1). To confirm that these forms developed from the lack of Trp and not from inappropriately low FBS concentrations, Trp Ϫ MEM-1 was supplemented with Trp (10 g/ml), resulting in typical RB development (data not shown). (23) . Proteins were transferred to nitrocellulose filters, and immunoblots were probed with guinea pig anti-SEP antibodies or the mouse anti-HSP60 hybridoma A57B9 (36) . 35 S-labeled staphylococcal protein A (124 nCi/ml; Amersham) or a chicken anti-mouse antibody-peroxidase conjugate (Pierce, Rockford, Ill.) was used as the secondary reagent for the guinea pig or mouse antibody, respectively. Signals were visualized by autoradiography or chemiluminescence.
Adsorption of antisera. To determine if anti-SEP antibodies were directed at MCWS, an adsorption experiment was undertaken. Purified MCWS (a generous gift from Terry Ullrich of Ribi Immunochemical, Hamilton, Mont.) was suspended in 2% BSA-PBS to 5 mg/ml and incubated with a mixture of anti-HSP60 and anti-SEP antibodies for 1 h at RT. The anti-HSP60 was included as a control to eliminate the possibility that the very hydrophobic MCWS was nonspecifically binding antibodies in the adsorption. The concentration of anti-HSP60 used in this experiment was qualitatively determined by serially diluting the antibody until a reduction in signal was observed by fluorescence microscopy. The lowest concentration of anti-HSP60 giving a fully positive fluorescent image was used for control adsorptions. Following incubation with antibodies, the MCWS suspension was removed from the mixture by centrifugation (10,145 ϫ g for 5 min). The supernatant was removed and used in fluorescence microscopy of C. psittaciinfected HeLa cells that were methanol fixed 18 hpi.
RESULTS
Identification of SEP. Antisera produced in guinea pigs after injection with Ribi trivalent adjuvant, along with monoclonal antibodies directed against chlamydial lipopolysaccharide (LPS) or heat shock protein (HSP60), were used as probes for fluorescent microscopic analysis of methanol-fixed, Chlamydiainfected HeLa cells. Antisera raised against the adjuvant alone reacted with antigens localizing to the apparent plane of bacterial division in C. psittaci (Fig. 1B and D) , C. trachomatis (Fig. 1F) , and Chlamydia pneumoniae (not shown) RB. The antigen was distributed as bars or ring structures within or between developing RB, reminiscent of FtsZ rings observed in other species of bacteria (5) . This staining pattern is distinct from classical labeling of chlamydial antigens that localize to the cytoplasm, as seen with anti-HSP60 (Fig. 1A) or the chlamydial periphery, as seen with anti-LPS (Fig. 1C) . In addition, the distribution patterns of SEP in RB and EB are distinct. As the transition from RB to EB occurs, SEP becomes diffuse and irregular (Fig. 1E) . These findings suggest that SEP is a developmentally distinct structure that is distributed uniquely in the RB.
SEP redistribution in aberrant RB. Treatment of Chlamydia-infected cells with ␤-lactam antibiotics inhibits chlamydial division, resulting in enlarged, or aberrant, RB (21, 28) . To observe the distribution of SEP under conditions in which chlamydial division is inhibited, infected cells were cultured in MEM-10 containing 100 g of ampicillin/ml. In these cells, SEP was distributed away from the apparent plane of division to distinct sites along the periphery of the RB. The progression of this shift can be observed in micrographs of C. psittaciinfected cells fixed at different times post-addition of ampicillin. Four hours after ampicillin addition, the chlamydiae began to enlarge but SEP remained closely associated with the central plane of the RB (Fig. 2B) . At later times, SEP distribution was modified as the nondividing RB continued to enlarge (Fig.  2D) . Labeling of SEP remained strong, but the antigen was no longer found at the center of the RB. Twenty-four hours after the addition of ampicillin, SEP appeared exclusively as distinct spots along the margins of aberrant RB (Fig. 2F) . C. psittaciinfected HeLa cells treated with D-cycloserine, an inhibitor of the transglycosylation event of PG synthesis (25) , produced a similar result (data not shown). A distinctly different distribution of SEP was observed following treatment of C. trachoma- 
RB growth (21). C. psittaci-infected
HeLa cells were cultured in the presence of 10 g of ampicillin/ml for 24 h prior to culture in MEM-10 lacking antibiotics. Within 8 h after the removal of ampicillin, chlamydial division began to occur, although many aberrant forms remained in the culture. As RB reverted from aberrancy, SEP localized back to the apparent plane of RB division (Fig. 4B ). These observations were consistent in cells infected with either C. psittaci (Fig. 4) or C. trachomatis (data not shown), although the ampicillin concentration required to facilitate reversion for C. trachomatis was lower (0.2 g/ml). Collectively, these observations suggest that SEP distribution is associated with the process of chlamydial division.
The distribution of SEP was also examined in both C. psittaci-and C. trachomatis-infected cells cultured in Trp-deficient medium. In C. psittaci, SEP redistributed to the peripheries of aberrant RB, as was seen in ampicillin-treated cells (Fig. 5B) . In contrast, culture of C. trachomatis in HeLa cells starved for Trp resulted in a distinctly different pattern. SEP was virtually undetectable in C. trachomatis-infected cells cultured in Trp-deficient medium (data not shown).
Characterization of the antigen recognized by anti-SEP. Immunoblotting with anti-SEP antisera was performed to potentially identify a protein that was a target of anti-SEP. Immunoblotting was performed on C. trachomatis-infected HeLa cell lysates collected during optimal SEP accumulation: at 18 hpi, when RB are actively dividing, and at 40 h post-ampicillin addition, when, as shown by immunofluorescence microscopy, SEP is very abundant. The chlamydial HSP60 protein was detected in these lysates by using monoclonal anti-HSP60 as a probe (Fig. 6B) . In contrast, no proteins were identified in these lysates when parallel immunoblots were probed with anti-SEP (Fig. 6A) . These results were consistent through different production lots of anti-SEP antisera and suggest that SEP may be nonproteinaceous.
The Ribi adjuvant used to produce anti-SEP antisera is composed of three components: Salmonella enterica serovar Typhimurium MPL, synthetic Corynebacterium TDM, and MCWS. A commercial adjuvant that contains only MPL and TDM is also available. In preliminary experiments this adjuvant lacking MCWS was used to immunize guinea pigs, and the resulting antisera were used as probes of C. psittaci-infected HeLa cells. Sera from each of three different guinea pigs were negative for anti-SEP labeling (data not shown). Additionally, purified MCWS was used as an immunoadsorbant to remove anti-MCWS antibodies from preparations of anti-SEP. The resulting adsorbed antisera were used to probe C. psittaci-infected HeLa cells. Fluorescence microscopy showed a marked decrease in the intensity of SEP staining when antisera were absorbed with MCWS ( Fig. 7A ) compared to that with control antisera mock absorbed with BSA (Fig. 7B) . To address the possibility that the MCWS was nonspecifically adsorbing the anti-SEP antibodies from the guinea pig antisera, mouse monoclonal anti-HSP60 was included with the anti-SEP in these adsorptions. There was no evidence that the MCWS absorbed any of the anti-HSP60 antibodies in these assays (data not shown). The affinity of anti-SEP antibodies for MCWS suggests that this antigen may be the immunogen stimulating the anti-SEP antibody response.
A final experiment addressing the possible target of the anti-SEP antibodies involved fluorescent microscopy of methanol-fixed, E. coli-infected cells probed with the anti-SEP antisera. E. coli BM2711 containing pGB2inv encodes the Yersinia InvA protein, which facilitates its uptake into HeLa cells (12) . The entire peripheries of these bacteria were labeled with the anti-SEP antibodies (data not shown), suggesting that an antigenic structure similar to SEP may be found within the cell walls of other bacterial species.
DISCUSSION
Many aspects of chlamydial division remain undiscovered. The sequenced genome reveals that chlamydiae lack many of the proteins required for septation in other bacterial species, suggesting a unique mechanism for cytokinesis. This work describes a unique chlamydial antigenic structure, termed SEP, which localizes to an apparent septum in dividing chlamydiae. SEP is developmental-stage dependent, localizing to a ring-like structure at the plane of RB division and becoming punctate and irregular after differentiation to EB. SEP is redistributed to distinct sites along the bacterial periphery following treatment of Chlamydia-infected cells with ampicillin or following incubation of infected cells in medium lacking Trp. Removal of these stressors leads to reversion of aberrant forms to typical RB and results in redistribution of SEP back to the apparent plane of bacterial division. This antigen is present in C. trachomatis, C. psittaci, and C. pneumoniae, suggesting that the structure is conserved within the genus. Collectively these results suggest a possible role for SEP in the chlamydial division process.
Recently much has been established surrounding the molecular biology of bacterial cell division. At least nine proteins which localize to the septal ring (a ring of proteins at the site of cytokinesis) are required for bacterial division in E. coli: FtsZ, ZipA, FtsW, FtsA, FtsL, FtsN, FtsQ, FtsK, and FtsI (PBP3) (6, 18, 24) . Other Fts proteins, FtsH, FtsJ, FtsY, FtsX, and FtsE, may play an indirect role in septation. Essential to activating the septal protein assembly pathway is FtsZ ring formation at the division site. Paradoxically, chlamydiae lack an ftsZ homolog but do encode predicted proteins that are likely homologous to proteins involved in septation, including FtsK, FtsW, FtsY, FtsH, and FtsI (27) . Of these proteins, FtsI, FtsW, and FtsK show immunofluorescence staining patterns in E. coli similar to that seen with SEP localization to the ring in chlamydiae (1, 19, 31, 33, 35) . However, immunoblot analyses with anti-SEP antisera did not identify candidate proteins that might be the target antigen, suggesting that the SEP antigen may be nonproteinaceous.
Of the few fts genes present in the chlamydial genome, homologs to ftsI and possibly ftsW are involved in PG biosynthesis at the septal plane in E. coli (16, 26) . These findings, along with the facts that the chlamydial genome contains all genes necessary for PG synthesis and that Chlamydia is highly sensitive to inhibitors of PG synthesis, are contradictory to other studies which conclude an absence of PG within the chlamydial cell.
Cell wall inhibitors block PG assembly through several mechanisms (25) . In some cases this leads to accumulation of PG precursors within the bacterial cell. Treatment of E. coli with moenomycin, which inhibits the transglycosylation reaction, promotes the accumulation of several PG precursors prior to cell lysis. In contrast, treatment with penicillin G, which inhibits the transpeptidation reaction, results in unchanged or decreased concentrations of such precursors (17) . In the present study, while treatment with ampicillin and culture in Trp-deficient medium both led to SEP redistribution, there were differences in the observed phenotype among the different chlamydial species. Within C. psittaci GPIC, SEP distribution patterns following ampicillin treatment and following Trp starvation were very similar. However, within C. trachomatis L2, SEP was very abundant following aberrancy produced by ampicillin treatment but virtually undetectable following Trp starvation. The observed differences in SEP accumulation between these two species are perplexing. Because ampicillin treatment has no effect on chlamydial protein synthesis, production and apparent accumulation of enzymes and possibly PG precursors may occur. This effect is markedly more evident in C. trachomatis than in C. psittaci. In contrast, depletion of available intracellular Trp affects the production of many proteins; 15 of the 18 PG biosynthesis proteins contain Trp. This may result in only small amounts of critical enzymes accumulating within treated chlamydiae. The difference in SEP accumulation observed between Trp-starved C. psittaci and Trp-starved C. trachomatis may reflect differences in their needs for Trp in the synthesis of various PG precursors.
In most walled bacteria PG serves two purposes. It forms a structural sacculus providing osmotic stability to the organism, and it forms a scaffold during initiation of the septation process (20, 24) . There is considerable evidence that the chlamydiae probably do not require PG for structural stability within the cell envelope, as this function is provided by disulfide-linked outer membrane proteins. However, the second function remains a possible role for chlamydial PG. We hypothesize that small amounts of PG may function during septum formation within dividing RB. Our studies identify an antigen that either may be this PG or may colocalize with this theoretical structure during growth. The ability of MCWS to adsorb anti-SEP activity and the affinity of anti-SEP for the E. coli cell wall suggests that anti-SEP may be binding directly to an antigen in common between MCWS and the E. coli cell wall. Since E. coli is contained within a murein sacculus, one such candidate antigen is PG. Further experiments are in progress to more clearly identify the target of anti-SEP and to examine the function of SEP in chlamydial growth.
